By genetically ablating IjB kinase (IKK)-mediated activation of the transcription factor NF-jB in the B cell lineage and by analyzing a mouse mutant in which immunoglobulin k-chain-positive B cells are generated in the absence of rearrangements in the locus encoding immunoglobulin j-chain, we define here two distinct, consecutive phases of early B cell development that differ in their dependence on IKK-mediated NF-jB signaling. During the first phase, in which NF-jB signaling is dispensable, predominantly j-chain-positive B cells are generated, which undergo efficient receptor editing. In the second phase, predominantly k-chain-positive B cells are generated whose development is ontogenetically timed to occur after rearrangements of the locus encoding j-chain. This second phase of development is dependent on NF-jB signals, which can be substituted by transgenic expression of the prosurvival factor Bcl-2.
It is well established that the NF-kB family of transcription factors is critical to B cell physiology 1, 2 . Activation of NF-kB by the alternative pathway, which is mediated by NF-kB-inducing kinase and the inhibitor of NF-kB kinase 1 (IKK1; A001170) downstream of interactions between B cell-activation factor of the tumor necrosis factor family (BAFF) and BAFF-receptor, is essential for mature B cell survival 3 . In addition, mature B cells depend on continuous signaling through the canonical NF-kB pathway, in which activation of the IKK complex, which consists of IKK1, IKK2 (A001172) and NF-kB essential modulator (NEMO; A001628), is central 1 . In contrast, the function of NF-kB signaling in B cell development remains unclear 1 and is indeed highly controversial.
Initial experiments addressed that issue in mice lacking one or two individual NF-kB transcription factors. Whereas the generation of mature B cells is generally impaired in most of these mutant mice, the effects are often mild in B cell progenitors and it has remained unresolved whether these defects are B cell autonomous 2 . Notably, genetic ablation of the BAFF-receptor or IKK1 seems not to affect B cell development in the bone marrow, at least in terms of proportions of cells at the various developmental stages 1, 3 ; the same is true for ablation of the canonical pathway by knockout of IKK2 or NEMO specifically in B cells 4, 5 . However, the weak effect of these genetic manipulations on bone marrow B cell progenitors may have been due to redundancies and/or compensatory mechanisms among NF-kB proteins or IkB kinases 2, 6 . Indeed, overexpression of a dominant negative form of the NF-kB inhibitor IkBa prevents efficient transition from the pro-B cell stage to the pre-B cell stage 7, 8 . In addition, an earlier publication suggests that NF-kB signals regulate the expression of recombination-activating gene 1 (Rag1) and Rag2 in developing B cells and are involved in the control of receptor editing 9 . The process of receptor editing, through which B cell progenitors change the immunoglobulin light chains in their B cell antigen receptor, is achieved initially by consecutive rearrangements of variable (V k ) and joining (J k ) gene segments at the locus encoding immunoglobulin k-chain (Igk) and subsequently by V l -J l joining; the latter often occurs after rearrangement of the noncoding recombining sequence (RS) element with either a V k segment or a recombination signal sequence in the intronic region (IRS) of the Igk locus, leading to the inactivation of the Igk locus (RS recombination). Receptor editing is key to the generation of B cells bearing non-autoreactive and functionally intact B cell antigen receptors 10 . Published studies have emphasized the possible involvement of IKK-mediated NF-kB signals in early B cell development 11 by suggesting that a partially NF-kBdependent transcriptional program is activated in B cell progenitors by the kinase ATM in response to DNA breaks that occur during variablediversity-joining gene segments (V(D)J) recombination. The NF-kB signaling cascade thus has been linked to the control of B cell progenitor physiology at many stages through different mechanisms.
To directly address the function of canonical and alternative NF-kB signaling in early B cell development, we generated mice in which these pathways were ablated specifically in the B cell lineage; we induced conditional inactivation of NEMO or IKK1 and IKK2 with the mb1-cre transgene 12 . By combining that genetic system with various other mutant alleles, we obtained evidence that even when both NF-kB signaling pathways were ablated and the mutant B lineage cells lacked any biochemically detectable NF-kB DNA-binding activity, normal numbers of B cells were generated and receptor editing at the Igk locus was intact. However, in the mutant mice, the generation of B cells expressing immunoglobulin l-chain was profoundly impaired; this defect was rescued by a transgene encoding the prosurvival protein Bcl-2 (A000367). Transgenic Bcl-2 also restored the development of NEMO-deficient l-chain-positive B cells in a mouse model of induced Igk editing 13 and in mutant mice whose Igk loci do not undergo any gene rearrangements 14 . Thus, we conclude that NF-kB signals are dispensable for the development of k-chain-positive B cells but are required for the efficient generation of l-chain-positive B cells during a subsequent phase of B cell development.
RESULTS

Experimental design
To address the function of canonical and alternative NF-kB signaling pathways in early B cell development, we induced ablation of NEMO or IKK1 and IKK2 in the B cell lineage with the mb1-cre knock-in transgene 12 . Additional genetic modifications (a Bcl-2 transgene 15 , the 'k-macroself' transgene, which encodes a ubiquitously expressed single-chain chimeric antibody with specificity for k-chains 13 , and a mutant Igk allele in which the intronic k enhancer is replaced with a neomycin-resistance gene (iEkT) in homozygous form 14 ) were introduced into the compound-mutant mice during the course of the experiments. For efficient generation of the compound mutant mice, which harbored between four and six mutant alleles, we had to follow a breeding strategy yielding experimental and mb1-cre negative control mice, the latter collectively called littermate controls. We therefore obtained separate experimental evidence to ensure that the mb1-cre transgene did not affect our results because of toxicity of Cre recombinase or heterozygosity for mb1 (ref. 16 ). In accordance with published work 12 , we found that the mb1-cre transgene did not significantly affect early B cell development in the bone marrow in terms of cell numbers ( Supplementary Fig. 1 online) or receptor editing at the Igk locus when it was used to ablate NF-kB signaling in B cell progenitors (see below). Furthermore, in terms of the development of l-chain-positive B cells, we found that mb1-cre alone or Fig. 1 and see below). On the basis of these results, we feel confident that our findings cannot be attributed to unwanted side effects of the mb1-cre transgene.
B cell development in the absence of IKKs
In agreement with published work 4, 5 , ablation of NEMO in the B cell lineage mostly abolished the generation of mature (B220 + CD93 -) peripheral B cells (Figs. 1a and 2 ). This effect was even more pronounced after ablation of both canonical and alternative NF-kB signaling in mb1-cre Ikk1 f/f Ikk2 f/f mice, which are mb1-cre mice with loxP-flanked genes encoding IKK1 (Chuk; called 'Ikk1' here) and IKK2 (Ikbkb; called 'Ikk2' here). Indeed, the B220 + CD93 -cells in these mice were presumably mostly non-B cells, as only a few of them expressed IgM or IgD ( Supplementary Fig. 2a online) . Ablation of IKKmediated NF-kB signaling also affected the generation of transitional 1 (T1) and T2 B cells, identified according to a published classification 17 . Whereas some T2 cells, characterized by expression of CD93 and CD23, could still be identified in mb1-cre Nemo f mice, which have one (male mice) or two (female mice) X-linked loxP-flanked allele(s) encoding NEMO (Ikbkg; called 'Nemo' here), such cells were undetectable in mice lacking IKK1 and IKK2 in the B cell lineage (Figs. 1a and 2). This could have resulted from CD23 regulation by NF-kB 18 . However, the impaired T2 cell generation in the latter mice was also evident from the bright staining of the entire population of transitional cells for CD93 ( Supplementary Fig. 2b ), which indicated that only the most immature (T1) subset of transitional B cells was present. T1 B cell numbers, on the other hand, were only slightly reduced in mb1-cre Nemo f and mb1-cre Ikk1 f/f Ikk2 f/f mice. B cell development in the bone marrow of the mutant mice seemed largely undisturbed in terms of subset distribution and cell numbers (Figs. 1b and 2). Similar numbers of pro-B cells and immature B cells were present in mutant and control mice, except that the minor, more mature, CD23 + subset of immature B cells was much smaller in the mutant mice 19 ( Supplementary Fig. 3a online) . Notably, mutant mice had approximately 25% more pre-B cells, although the fraction of cycling cells was not higher than that in control mice ( Fig. 2 and Supplementary Fig. 3b ).
Electrophoretic mobility-shift assay (EMSA) showed that within the limits of the sensitivity of this assay, the efficient generation of B cells in the mutant mice was not due to incomplete ablation of NF-kB signaling (Fig. 1c) . While traces of DNA-binding activity could still be detected in NEMO-deficient immature B cells, no binding activity was detectable in earlier progenitors, and in the IKK1-and IKK2-deficient cells, there was no detectable binding activity in any of the B lineage cells in the bone marrow. Supershift experiments with antibody to p50 (anti-p50) and anti-p52 showed that essentially all DNA-binding activity detected with this assay was due to NF-kB transcription factors ( Supplementary Fig. 4 online). Curiously, the few mature B cells present in mb1-cre Nemo f mice showed strong NF-kB DNA-binding activity, suggesting that these cells, which presumably had not escaped NEMO deletion 5 , had activated NF-kB by some other means. These results collectively suggest that abrogation of IKK-mediated NF-kB signaling results in a profound block of B cell development at the stage at which B cells begin to express CD23 but has little effect on earlier stages of B cell development in terms of cell numbers, except for a modest increase in the size of the pre-B cell compartment.
Fewer k-chain-positive B cells in the absence of NF-jB signaling Despite our finding of an immature B cell compartment of roughly normal size in the mutant mice ( Fig. 2) , we found that mb1-cre Nemo f and mb1-cre Ikk1 f/f Ikk2 f/f mice had lower percentages of l-chainpositive immature B cells, as exemplified for l 1 -chain expression (Fig. 3a) . We confirmed that finding with a second antibody specific for l-chains ( Supplementary Fig. 5 online) . Thus, NF-kB signaling seems to be required for efficient generation of l-chain-positive B cells. In contrast, ablation of either IKK1 or IKK2 alone in the B cell lineage did not appreciably alter the proportion of l-chainpositive B cells ( Supplementary Fig. 6 online), which suggests redundant functions for these kinases in the generation of l-chainpositive B cells.
A possible explanation for the lower number of l-chain-positive B cells in mb1-cre Nemo f and mb1-cre Ikk1 f/f Ikk2 f/f mice is a defect in receptor editing, which is thought to be regulated by NF-kB 9 . We therefore assessed the effect of NEMO ablation in a mouse model of induced receptor editing. This mouse model is based on the k-macroself transgene 13 . In k-macroself mice, B cell progenitors are forced to edit their immunoglobulin light-chain loci away from k-chain expression, so that only l-chain-positive B cells can differentiate. We found that k-macroself mb1-cre Nemo f mice had a lower percentage of (l-chain-positive) immature B cells in the bone marrow than did k-macroself control mice (Fig. 3b) . As this result is consistent with a role of NF-kB signaling in receptor editing, we proceeded to direct analysis of receptor editing at Igk in progenitor cells devoid of NF-kB signaling.
mb1-cre
Receptor editing in the absence of NF-jB signaling During receptor editing, downstream J k elements are progressively recombined; mouse models of B cell autoreactivity show greater fractions of V k J k rearrangements using the downstream elements J k 4 or J k 5 than do wild-type mice 10, 20 . On the basis of those observations, we compared J k usage in B cells from mice sufficient or deficient in NF-kB signaling and carrying the iEkT mutation in one of their Igk loci (iEkT/+). As noted above, this mutation replaces the intronic k enhancer with a neomycin-resistance gene, thereby preventing V k -J k recombination in cis 14 and leading, in heterozygous mutant mice, to increased usage of downstream J k elements after receptor editing. We found that NEMO deficiency did not result in decreased usage of J k 4-5 in these mice ( Table 1) . This finding lends no support for the idea that canonical NF-kB signals are involved in receptor editing at Igk.
To address that issue more directly, we measured RAG-generated DNA breaks in the Igk loci of pre-B cells from mb1-cre Nemo f and mb1-cre Ikk1 f/f Ikk2 f/f mice by ligation-mediated PCR. This assay allows primary breaks to be distinguished from subsequent secondary breaks; the latter reflect sequential V k -J k rearrangements 21 (Fig. 4a) . Both classes of DNA breaks were equally present in control, mb1-cre Nemo f and mb1-cre Ikk1 f/f Ikk2 f/f pre-B cells, with the intensity of the bands being roughly proportional to the direct amplification of the control locus Aprt (which encodes adenine phosphorybosyltransferase) in the same samples. We also found equal RS recombination in control, mb1-cre Nemo f and mb1-cre Ikk1 f/f Ikk2 f/f pre-B cells (Fig. 4b) . In agreement with those data, expression of Rag1 and Rag2 transcripts was similar in pre-B cells from control, mb1-cre Nemo f and mb1-cre Ikk1 f/f Ikk2 f/f mice, as determined by quantitative real-time PCR (Fig. 4c) . These results collectively show that IKK-mediated NF-kB signals are dispensable for sequential gene rearrangements at Igk, including inactivation of the locus through RS recombination.
Rescue of k-chain-positive B cell development by Bcl-2 In the absence for evidence of a defect in receptor editing in mice lacking NF-kB signaling, we hypothesized that l-chain-positive B cells, which are generated with delayed kinetics relative to that of their k-chain-positive counterparts in mice 22 , may depend on NF-kB-mediated survival signals, given that regulation of cell survival is a prominent function of NF-kB transcription factors. We therefore V k -J k rearrangements involving J k 1, J k 2, J k 4 and J k 5 in splenic B cells from mb1-cre Nemo f iEkT/+ mice (n = 3) and Nemo f iEkT/+ mice (n = 2); V k -J k rearrangements were amplified by RT-PCR and percent of rearrangements for each J k element were calculated for unique sequences. assessed whether transgenic overexpression of the prosurvival protein Bcl-2 in the B cell lineage was able to restore the generation of l-chain-positive immature B cells in the absence of NF-kB signaling 15 . This was indeed the case, as a Bcl-2 transgene induced complete restoration of l-chain-positive cells in mb1-cre Nemo f mice and partial restoration in mb1-cre Ikk1 f/f Ikk2 f/f mice ( Fig. 5a and Supplementary  Fig. 5 ). Similar restoration was induced by the Bcl-2 transgene in the k-macroself model ( Supplementary Fig. 7 online) . In agreement with earlier work 23 , we noted a greater proportion of l-chain-positive B cells in Bcl-2-transgenic mice than in wild-type mice (Figs. 3a and 5a and Supplementary Fig. 5 ). This result may have been due to the prolonged time window afforded by Bcl-2 overexpression during which cells can undergo sequential rearrangements in their immunoglobulin light-chain loci 23 .
If the NF-kB dependence of the generation of l-chain-positive B cells indeed reflects a dependence on NF-kB controlled prosurvival factors, these factors should be downregulated in NF-kB-signalingdeficient pre-B cells. One such protein is the Bcl-2 family member Bcl-x L , which has been shown to play a role in early B cell development 24 . However, in contrast to Bcl3 and Nfkb2, two other known NFkB targets, expression of mRNA encoding Bcl-x L was not substantially lower in pre-B cells lacking NEMO or IKK1 and IKK2 (Supplementary Fig. 8 online) , which suggests that expression of Bcl-x L does not require NF-kB in these cells. A second candidate protein is the serinethreonine kinase Pim2, which phosphorylates the proapoptotic protein Bad, thereby interfering with its interaction with prosurvival Bcl-2 family members 25 . Pim2 has been shown to contribute to the survival of mature B cells, and its expression is controlled by NF-kB in pre-B cells and mature B cells in response to RAG-induced DNA doublestranded breaks and stimulation by BAFF, respectively 11, 26 . We indeed found much lower expression of Pim2 mRNA in pre-B cells lacking NEMO or IKK1 and IKK2 (Fig. 5b) . Furthermore, the proportion of l-chain-positive immature B cells was lower in Pim2-deficient mice than in control mice (Fig. 5c) . These results indicate that NF-kBmediated Pim2 upregulation contributes to the generation of l-chainpositive B cells.
k-chain-positive B cells depend on NF-jB signals in iEjT/T mice Although our results have established that gene rearrangements and receptor editing at Igk proceeds efficiently in B cell progenitors lacking NEMO or IKK1 and IKK2, our findings do not exclude some positive effect of NF-kB signals on these processes; this possibility would be consistent with the slightly enlarged pre-B cell compartment in the mutant mice. It therefore seemed possible that the impaired generation of l-chain-positive B cells in the absence of NF-kB signals might have resulted from an extended time during which the mutant pre-B cells attempted to rearrange their Igk loci. To address that possibility, we investigated the effect of NEMO ablation on B cells of iEkThomozygous (iEkT/T) mice, in which the Igk locus is developmentally 'frozen' so that neither V k -J k rearrangements nor RS recombination takes place and the mice produce exclusively l-chain-positive B cells 14 . Similar to the results we obtained with the k-macroself model, the development of B cells was impaired in mb1-cre Nemo f iEkT/T mice but was fully restored by a Bcl-2 transgene (Fig. 6a,b and Supplementary Fig. 9 online) . These experiments showed that l-chain-positive B cells also depend on NF-kB signals in the absence of gene rearrangements in Igk and can be rescued by the prosurvival protein Bcl-2. The NF-kB dependence of the l-chain-positive B cells correlated with the delayed appearance of these cells during B cell development, compared with that of k-chain-positive cells, in wild-type mice as well as mice unable to rearrange their Igk loci 22 ( Fig. 6c) . 27, 28 , and all activate NF-kB and induce transcription of genes encoding prosurvival proteins. We therefore examined the proportion of l-chain-positive cells in the immature B cell compartments of mice lacking Bcl10 and MyD88, which mediate NF-kB activation downstream of these receptors 1, 29 , or CD40. Cd40 -/-, Bcl10 -/-and Myd88 -/-mice had proportions of l-chain-positive immature B cells similar to those of their wild-type counterparts ( Supplementary Fig. 10a online). NF-kB activation in B cell progenitors can also be initiated by RAG-induced DNA double-stranded breaks, which activate NF-kB in pre-B cells through the kinase ATM, a regulator of the genotoxic stress response 11 . Thus, the generation of l-chain-positive B cell could depend on NF-kB activation initiated by DNA double-stranded breaks. However, Atm -/-mice had an l-chain-positive immature B cell population equal in size to that of control mice ( Supplementary  Fig. 10b) . Notably, B cell-specific ablation of TRAF6, an adaptor protein with ubiquitin ligase activity that is involved in NF-kB activation downstream of a variety of receptors such as Toll-like receptors and members of the tumor necrosis factor receptor superfamily 30 , led to fewer l-chain-positive immature B cells (Supplementary Fig. 10c ). This could indicate that the development of l-chain-positive immature B cells requires NF-kB activation induced by a receptor that is expressed on developing B cells and signals through TRAF6. The transmembrane activator and CAML-interactor (TACI) is one candidate receptor, as it is expressed on immature B cells, signals through TRAF6 and activates NF-kB 31, 32 . However, the proportion of l-chainpositive immature B cells was not altered in TACI-knockout mice compared with that in control mice ( Supplementary Fig. 10a online) .
DISCUSSION
To determine whether NF-kB is required for B cell development in the bone marrow, we interfered with IKK-mediated NF-kB activation by ablating either NEMO or IKK1 and IKK2 in combination specifically in the B cell lineage. The combined ablation of IKK1 and IKK2 would be expected to not only completely abolish canonical NF-kB activation, more profoundly perhaps than NEMO ablation due to the complete absence of IKK complex kinase activity but also shut off the alternative NF-kB pathway. Indeed, EMSA demonstrated the absence of detectable NF-kB DNA-binding activity in bone marrow B cells when both IKK1 and IKK2 were genetically ablated. NEMO ablation also resulted in a strong reduction of NF-kB DNA-binding activity during the early stages of B cell development, although trace binding activity was still detectable in immature B cells in the bone marrow. In contrast, in developing wild-type B cells, EMSA showed substantial NF-kB DNA-binding activity from the pre-B cell stage onward, in agreement with earlier work 8, 33 . Although we cannot formally exclude the possibility that NF-kB transcription factors could be activated in B cell progenitors in ways other than through the canonical or alternative activation pathway, EMSA with progenitor cells lacking both IKK1 and IKK2 did not support this notion.
The results of our analysis of early B cell development in the absence of IKK-mediated NF-kB activation allow us to subdivide the developmental window during which gene rearrangements in the immunoglobulin light-chain loci take place in pre-B cells into two consecutive phases. During the first phase, neither canonical nor alternative NF-kB signals are critical, and pre-B cells undergo gene rearrangements in Igk. In agreement with previous work 34 , these cells express Rag1 and Rag2 mRNA independently of NF-kB and, as shown in our experiments, efficiently undergo receptor editing in the absence of IKKmediated NF-kB activation. Therefore, neither the initiation nor the progression of gene rearrangements in Igk loci require IKK-mediated activation of NF-kB. That conclusion is in agreement with earlier work documenting unimpaired Igk rearrangements after mutation of the NF-kB-binding site in the intronic Igk enhancer 35 . However, our results do not exclude the possibility that NF-kB signals may serve an auxiliary function in controlling Igk gene rearrangements, as earlier work in transformed pre-B cell lines has suggested 36 . Indeed, the slightly larger pre-B cell compartment in the mutant mice may indicate that the mutant cells need more time than do wild-type cells to rearrange their Igk loci. Along the same lines, other work has suggested that NF-kB activity promotes receptor editing by regulating Rag1 and Rag2 transcription 9 . Our results presented here and other published work 34 indicate that such a control mechanism can serve only a minor function in B cell development. During a subsequent phase of pre-B cell development, gene rearrangements at the Igl locus predominate, and this phase of development depends on NF-kB signals. It is possible that the requirement for NF-kB is characteristic of a special subset of B cell progenitors that are programmed to prospectively undergo gene rearrangements at Igl or that l-chain-positive but not k-chain-positive immature B cells depend on NF-kB. However, a simpler interpretation of our data connects the NF-kB dependence of the generation of l-chain-positive B cells to a program of ontogenetic timing of gene rearrangements in Igl loci in the B cell lineage. Despite some controversy, most available evidence supports the idea that gene rearrangements in Igl usually follow those in Igk in developing B cells. Thus, most l-chain-positive B cells in both mice and humans have undergone gene rearrangements in their Igk loci and often have inactivated Igk by RS recombination 10, 37 . Although that observation has invited speculation about a possible interdependence of gene rearrangements in Igk and Igl loci, strong genetic evidence, including the work we have presented here, supports the view that the Igl locus is autonomously programmed to become accessible to RAG-mediated recombination at a later stage of B cell development than is the Igk locus 22, 38 .
While the mechanism that controls the differences in the timing of gene rearrangements in Igk and Igl loci remains obscure, our data indicate that B cell progenitors require NF-kB signals when gene rearrangements in the Igl locus occur. The rescue of l-chain-positive B cells lacking NF-kB signaling by overexpression of Bcl-2 can be interpreted to mean that the differentiating cells become gradually dependent on NF-kB-mediated survival signals. We indeed found strong downregulation of Pim2, an NF-kB-dependent prosurvival protein, in the absence of NF-kB signaling in B cell progenitors. This serine-threonine kinase promotes the survival of mature B cells and is induced in B cell progenitors in an NF-kB dependent way 11, 26 . In agreement with that result, Pim2-knockout mice had a smaller proportion of l-chain-positive immature B cells than did wild-type control mice. However, it is still possible that NF-kB signals also promote the differentiation of progenitor B cells to l-chain-positive B cells and that in the absence of NF-kB activation, the cells need extra time for maturation. In one such scenario, NF-kB signals would contribute to making the Igl locus accessible for V(D)J recombination. There is evidence in the literature that this may indeed be the case, although through an indirect rather than a direct mechanism 39 . Our results have demonstrated that IKK-mediated activation of NF-kB is dispensable for the development of immature k-chain-positive B cells in the bone marrow and for receptor editing at Igk loci. In contrast, the differentiation of l-chain-positive B cells strongly depends on an NF-kB-dependent gene expression program that includes upregulation of the NF-kB target gene Pim2 and whose activation may involve an as-yet-unidentified receptor signaling through TRAF6.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
